The production of sign language involves two large articulators (the hands) moving through space and contacting the body. In contrast, speech production requires small movements of the tongue and vocal tract with no observable spatial contrasts. Nonetheless, both language types exhibit a sublexical layer of structure with similar properties (e.g., segments, syllables, feature hierarchies). To investigate which neural areas are involved in modality-independent language production and which are tied specifically to the input-output mechanisms of signed and spoken language, we reanalyzed PET data collected from 29 deaf signers and 64 hearing speakers who participated in a series of separate studies. Participants were asked to overtly name concrete objects from distinct semantic categories in either American Sign Language (ASL) or in English. The baseline task required participants to judge the orientation of unknown faces (overtly responding 'yes'/ 'no' for upright/inverted). A random effects analysis revealed that left mesial temporal cortex and the left inferior frontal gyrus were equally involved in both speech and sign production, suggesting a modalityindependent role for these regions in lexical access. Within the left parietal lobe, two regions were more active for sign than for speech: the supramarginal gyrus (peak coordinates: −60, −35, + 27) and the superior parietal lobule (peak coordinates: −26, −51, +54). Activation in these regions may be linked to modality-specific output parameters of sign language. Specifically, activation within left SMG may reflect aspects of phonological processing in ASL (e.g., selection of hand configuration and place of articulation features), whereas activation within SPL may reflect proprioceptive monitoring of motoric output.
Introduction
Speech production involves the rapid integration and sequencing of movements of the tongue, lips, velum, and vocal cords. In contrast, the production of signed language primarily involves movements of more massive and slower articulators, the hands and arms, within a much larger space (from the waist to the top of the head). Further, the perceptual targets for speech production are auditory, but visual for signing. Since phonology is traditionally characterized as the sound patterns of language and phonetic systems are described in terms of oral articulators and acoustic features, it is possible that phonological patterning only arises for oral-aural languages. However, linguistic research over the past three decades has demonstrated that signed languages do indeed exhibit a phonological level of structure with properties that parallel speech, such as segments, syllables, and feature hierarchies (for reviews see Brentari, 1998; Sandler and Lillo-Martin, 2006) . Nonetheless, the articulatory-perceptual properties of signing have an impact upon phonological patterning with respect to sequentiality (more segment sequences are produced for speech than sign), the nature of syllable structure (signs tend to be monosyllabic), and the complexity of autosegmental elements (hand configuration is more complex than tone) (Sandler and Lillo-Martin, 2006) . Given both the similarities and the differences between sign and speech, we investigated the extent to which the neural systems that control sign production overlap with those controlling spoken word production.
It has long been known that speech production is lateralized to the left hemisphere (e.g., Broca, 1861; Geschwind, 1970) , and evidence from lesion and neuroimaging studies indicates that sign language production is also strongly left-lateralized (e.g., Corina et al., 2003; Emmorey et al., 2003; McGuire et al., 1997; Poizner et al., 1987) . Furthermore, Broca's area, a classic speech production region, is reliably engaged during sign language production (Emmorey et al., 2002 (Emmorey et al., , 2004 Horwitz et al., 2003; Petitto et al., 2000) .
In a meta-analysis of neuroimaging studies, Indefrey and Levelt (2004) mapped out several regions involved in spoken word production. They argued that lexical selection is associated with the left middle temporal gyrus and that phonological code retrieval involves the right supplementary motor area (SMA), left anterior insula, and left posterior superior and middle temporal gyri (Wernicke's area). Broca's area (left posterior inferior frontal gyrus) was argued to be critically involved in syllabification processes during word production. Whether sign and word production both engage these neural regions to an equal extent is unknown. To investigate this question, we conducted a conjunction analysis with data from Positron Emission Tomography (PET) studies of sign production and word production that utilized the same picture-naming and standard baseline tasks.
Previously, Braun et al. (2001) directly compared discourse production in sign and speech by asking hearing bilinguals to produce autobiographical narratives in either American Sign Language (ASL) or English, while undergoing PET scanning. Conjunction analyses using oral or limb motor baselines revealed considerable neural overlap for ASL and English production. Both languages engaged classical left hemisphere language areas, e.g., the inferior frontal gyrus and posterior superior temporal regions. In addition, both signed and spoken narrative production recruited additional left anterior regions (the anterior insula, lateral premotor cortex, and anterior SMA) and bilateral posterior brain regions (inferior parietal cortices, middle temporal gyri, and basal temporal areas). However, it is unclear which of these regions were recruited for modality-independent narrative or sentential processes and which regions were recruited for phonological or lexical processes that might be shared by sign and speech. A comparison of single word and single sign production will help tease apart which regions of overlapping activation are due to sentential versus lexical level processes.
In addition, a comparison between deaf native signers and hearing monolingual speakers is important because the neural activation for ASL-English bilingual language production does not always parallel monolingual production (Emmorey et al., 2005a) . For example, Emmorey et al. (2005a,b) found that when ASLEnglish bilinguals produced English spatial prepositions, the pattern of neural activation differed from that of monolingual English speakers and was similar to that observed when deaf signers produced ASL spatial classifier constructions. Furthermore, it is possible that more regions of overlapping activation between English and ASL are observed for hearing bilinguals because both languages may always be "on" to some extent. For example, ASLEnglish bilinguals have been found to unintentionally produce ASL signs as co-speech gesture when conversing with monolingual English speakers (Emmorey et al., 2005b) . Many investigators have argued that the bilingual brain is not equal to two monolingual brains in one body (e.g., Grosjean, 1989; Hull and Vaid, 2005) . Therefore, to investigate the extent of overlap between the neural systems that control speaking versus signing without the confound of bilingualism, it is necessary to directly compare word production by monolingual English speakers and sign production by Deaf signers for whom ASL is their primary language.
Finally, several studies of sign language production have observed activation in the left superior parietal lobule (SPL) (Corina et al., 2003; Emmorey et al., 2003; Petitto et al., 2000 [supplement tables]; San Jose-Robertson et al., 2004) . However, Indefrey and Levelt (2004) found that left SPL was not reliably activated during spoken word production. Furthermore, Braun et al. (2001) found that left SPL was significantly more activated during signing than during speaking. Braun et al. (2001) hypothesized that ASL production might uniquely engage left parietal cortex because the grammar of ASL relies on syntactic constructions that are "spatialized," i.e., locations in signing space are used to express grammatical relations. If so, then we should not observe left SPL activation for single sign production. A comparison of single word and single sign production may help to clarify the role of the left superior parietal lobe in signing.
We performed a cross-cohort analysis of PET data generated by parallel neuroimaging experiments in deaf ASL signers and hearing English speakers to assess which neural regions are equally engaged for lexical production in ASL and English and which neural regions are differentially engaged for sign versus word production.
Methods

Participants
Twenty-nine deaf ASL signers participated in three separate PET studies (Emmorey et al., 2002 (Emmorey et al., , 2003 (Emmorey et al., , 2004 . The participants were 14 men and 15 women, aged 20-38 (mean = 25 years), with 12 years or more of formal education. All participants were right handed and were prelingually and profoundly deaf. All participants used ASL as their preferred and primary language, and none had any history of neurological or psychiatric disease.
Sixty-four monolingual English speakers participated in another series of PET studies (Damasio et al., , 2001 . The participants were 29 men and 35 women, aged 20-54 (mean = 30 years), with 12 years or more of formal education. All participants were right handed, had normal hearing, and none had any history of neurological or psychiatric disease.
Procedures
Experimental tasks
Participants were presented with a series of object pictures and were asked to overtly name each object. In the deaf group, 9 participants named photographs of animals (4m/5f), 10 named photographs of manipulable tools and utensils (5m/5f) and 10 named line-drawn concrete objects in various categories (5m/5f). In the hearing group, 29 participants named photographs of animals (14m/15f), 25 named photographs of manipulable tools and utensils (10m/15f) and 10 named line-drawn concrete objects in various categories (5m/5f). ASL signers produced signs with their right hand in a modified whisper mode so that the hand did not touch the face. English speakers produced each name aloud.
Analysis of the data across these experiments was facilitated by the fact that all of the studies employed the same standard sensorimotor baseline task, in which participants saw unfamiliar faces presented normally (upright) or upside down and were asked to indicate YES (or "up") for upright faces and NO (or "down") for upside down faces. Thus, participants made an overt response, but no naming was involved. In this cross-cohort analysis, the images generated during this "standard baseline" task were used as an arbitrary activity standard, i.e., they were subtracted from all naming task images in the study, deaf and hearing, to control for task-unrelated subject-specific factors (e.g., anatomic differences remaining after coregistration). For the conjunction analysis, the baseline task was also used as a control for basic sensorimotor aspects of the naming task. This approach assumes that the baseline tasks are equivalent across experimental contexts, something that we could not test directly, but that seems reasonable, given that at least 15 min elapsed between tasks in PET studies, and that the task is easy and virtually automatic.
Image acquisition and analysis
In each of the original experiments, PET data were acquired with a GE 4096B tomograph using the [15O]water method . Reconstructed images of the distribution of radioactive counts from each injection were coregistered with each other using AIR (Woods et al., 1993) . PET and MR data were coregistered using PET-Brainvox fiducials (Damasio et al., 1994; Grabowski et al., 1995) and AIR (Woods et al., 1993) . Talairach space was constructed directly for each participant via useridentification of the anterior and posterior commissures and the midsagittal plane on the 3D MRI data set in Brainvox. An automated planar search routine defined the bounding box and a piecewise linear transformation was used (Frank et al., 1997) , as defined in the Talairach atlas (Talairach and Tournoux, 1988) . After Talairach transformation, the MR data sets were warped (AIR 5th order nonlinear algorithm) to an atlas space constructed by averaging 50 normal Talairach-transformed brains, rewarping each brain to the average, and finally averaging them again, analogous to the procedure described in Woods et al. (1999) . The PET data were warped to the atlas space using the AIR warping parameters generated from the registration of the structural MR images to the atlas space. The co-registered MR images were used to mask away extracerebral voxels from the PET images; subsequently the PET data were smoothed with an isotropic 16 mm Gaussian kernel by Fourier transformation, complex multiplication, and reverse Fourier transformation. Participants performed each task (naming, standard baseline) twice, but these images were averaged, so that one contrast image per participant was entered into the random effects analysis (i.e., the dependent variable was the difference between the naming and standard baseline tasks). The statistical analysis was performed using, tal_programs, a suite of modular general purpose custom image processing software that we have used for a number of PET and morphological imaging studies (Frank et al., 1997 , Emmorey et al., 2003 , 2005a . The multiple regression module, tal_regress, is based on Gentleman's least squares routines (Miller, 1991) , and was cross-validated against SAS (Frank et al., 1997; . Group membership (hearing, deaf) was the covariate of interest. Gender and task type (naming animals, naming tools, naming line-drawn objects) were included as covariates of no interest.
Main effects and interactions were tested with t-tests, and thresholded using random field theory (Worsley, 1994; Worsley et al., 1992) . A search volume was restricted a priori to left frontal, temporal, parietal, and right parietal lobes. The critical t value (familywise error rate p < 0.05, corrected for multiple spatial comparisons over 25 resels) was 3.82. A conjunction analysis identified voxels that showed a significant contrast in both subject groups between the naming and standard baseline tasks (Nichols et al., 2005) . We also performed an interaction analysis to ascertain voxels at which the contrast between naming and standard baseline tasks was significantly different between the subject groups. The interaction image was also used to help interpret the conjunction analysis. Voxels that showed a conjunction of effects across subject groups but no evidence of interaction at uncorrected thresholds (|t| > 1.67) were taken to demonstrate an equivalent degree of activation for signing and speaking (Price and Friston, 1997) . Data were displayed on average MR images in Talairach space. Exploratory conjunction and interaction analyses were also performed, over the entire scanned volume, using the more conservative threshold dictated by random field theory for the larger number of resels (203 resels, critical t(88) = 4.54).
Finally, we also tested explicitly for an interaction between subject group (deaf signers, hearing speakers) and task type (naming animals, naming tools, naming line-drawn objects). No significant interactions were found, inside or outside the search volume.
Results
The results are presented in Table 1 and Fig. 1 . The conjunction analysis revealed that the left inferior frontal gyrus was equivalently engaged by deaf and hearing subjects during speech and sign production (− 45, + 28, + 16); see Fig. 1A . A region within the left mesial temporal lobe (− 34, −30, − 14) and another in the left parieto-occipital transition zone (− 28 −78 +37) were also engaged equivalently for both languages during the naming tasks. The left posterior inferotemporal cortex (− 51, −51, − 10) was engaged significantly by both groups, though there was a nonsignificant trend (interaction t > 1.67 but < 3.82) for more activity in the deaf group. An exploratory analysis at the whole brain level, using a more conservative threshold revealed a conjunction of activity in the mesial occipital cortex (+ 1 − 70, + 10), again with a nonsignificant trend for more activity in the deaf group. The interaction analysis revealed that two regions within the left parietal lobe were more active for sign than for word production (see Fig. 1B ): the supramarginal gyrus (− 60, − 35, + 27) and the superior parietal lobule (two maxima: −26, −51, + 54; − 11, − 63, +57). The superior parietal lobule loci are near the boundary of the volume of brain in which all subjects were scanned. If the whole brain had been scanned, it is possible that these regions would have been more extensive and confluent. No region was found to be more active during word production than during sign production. The exploratory, whole brain analysis for interaction effects revealed no additional areas of interaction outside the search volume.
Discussion
As predicted, both sign and word production engaged the left inferior frontal gyrus, specifically BA 45, the anterior portion of Broca's area. The fact that Broca's area was activated to an equal extent for both sign and speech indicates a modality-independent role for this region in language production and is consistent with previous research. Thus, the function of Broca's area is not strongly tied to oral-acoustic phonological features of spoken language. Despite the anatomical proximity of Broca's area to the sensori-motoric representation of the orofacial articulators and the anatomical connections between Broca's area and auditory cortices, these results indicate that this neural region is nonetheless intimately involved in the production of a visual-manual language. Indefrey and Levelt (2004) proposed that Broca's area plays a critical role in syllabification during word production. However, multisyllabic signs (more than two syllables) are rare in ASL and in other signed languages. In fact, most ASL signs are monosyllabic (Brentari, 1998) , and there is little evidence for onset-rhyme distinctions, the existence of a syllabury, or for resyllabification processes. The process of syllabification for signs and for words appears to be quite different, and therefore, we suggest that equal engagement of Broca's area during sign and word production does not arise from shared syllabification processes. Rather, Broca's area appears to be recruited for a number of different cognitive and linguistic functions. Other candidates for lexical processes that might engage Broca's area for both sign and word production include lexical-semantic functions related to lexical retrieval (e.g., Cappa and Perani, 2006) and phonological, syntactic, and semantic feature binding (Hagoort, 2006) . In addition, Broca's area may subserve modality-independent, domain-general processes, such as cognitive control functions (Thompson-Schill et al., 2005) or selecting and inhibiting hierarchically organized action plans (Koechlin and Jubault, 2006) .
The conjunction analyses also indicated that both sign and word production engaged left temporal regions, which are likely to be involved in conceptually driven lexical access (Indefrey and Levelt, 2004) . For both speakers and signers, activation within the left inferior temporal gyrus may reflect prelexical conceptual processing of the pictures to be named, while activation within the more mesial temporal regions may reflect lemma selection, prior to phonological code retrieval. Overall, the conjunction results argue for a modality-independent fronto-temporal network that subserves both sign and word production.
The conjunction analysis reported in Braun et al. (2001) for signed and spoken narratives detected several additional regions of joint activation that were not observed in our study of lexical production. Many regions of joint activation identified by the Braun et al. (2001) study may be tied to the production of autobiographical narratives. For example, the SMA has been associated with internal self-generated speech, as opposed to external stimulus-generated speech . Premotor cortices and the insula may be more strongly engaged during narrative production than during single word/sign production due to the more complex articulation processes required for sentence production. In addition, our results are consistent with Braun et al.'s (2001) hypothesis that bilateral posterior temperoparietal brain regions are engaged in the encoding of discourse-related semantic information.
Lastly, the conjunction analysis revealed activation in occipital cortex (Table 1; Fig. 1A ). This region extended from the mesial temporal area in both hemispheres through the left supracalcarine region to the left parieto-occipital border zone (BA 17, 18, 19) . We hypothesize that activation of these regions, among which dorsal visual stream regions are prominent, is not due to lexical production processes. Rather, this activation is likely associated with visual attention and search processes, including more exploratory eye movements, that were required for the picture naming tasks, but not for the much less effortful face-orientation decision task that was used as the standard baseline condition.
The interaction results indicated that left parietal cortices are uniquely recruited for the production of lexical signs (see Fig. 1B ). One region of sign-specific activation was the left supramarginal gyrus (SMG). This region is not typically activated in word production studies that utilize picture naming (Indefrey and Levelt, 2004) . However, activation in left SMG has been reported during spoken word repetition (Shuster and Lemieux, 2005) , delayed picture naming (Kemeny et al., 2006) , and under conditions of delayed auditory feedback (Hashimoto and Sakai, 2003) . All of these tasks involve the temporary storage of phonological representations, and left SMG has been shown to play a role in phonological working memory for both speech and sign (Buchsbaum et al., 2005; Jacquemot and Scott, 2006) . However, the confrontation naming task used in our study did not involve the temporary storage of signs or words, and it is unlikely that the sign-specific SMG activation we observed reflected working memory processes.
Within the DIVA model of speech production (Directions in Velocities of Articulators) proposed by Guenther and colleagues (Bohland and Guenther, 2006; Guenther et al., 2006) , the left inferior SMG is hypothesized to play a role in monitoring and guiding speech articulator movements. Specifically, somatosensory error maps are hypothesized to lie within the inferior parietal cortex along the anterior supramarginal gyrus, posterior to the primary somatosensory representations of the speech articulators. Somatosensory error maps are utilized during somatosensory target learning and feedback-based control. However, the primary somatosensory representations of the sign articulators (the hands and arm) are located more superiorly, adjacent to superior parietal cortex (Hlustik et al., 2001; Maldjian et al., 1999) .
Interestingly, Rumiati et al. (2004) found activation within left SMG at a nearly identical site (− 58, −32, + 30) when hearing participants were asked to imitate or perform pantomimes of object use. Hesse et al. (2006) argue that neural activity in left SMG underlies the selection and planning of motor movements of the hand and arm, independent of the actual execution of the movement. For ASL, left SMG may play a role in the phonological encoding of signs. In a cortical stimulation mapping study, Corina et al. (1999) reported that stimulation within left SMG (site PO) resulted in phonological and semantic substitutions during a picture-naming task by a deaf ASL signer. For example, when producing the ASL sign PIG, the signer produced a clearly articulated 3-handshape (thumb, index, and middle fingers extended) instead of the correct B-handshape (all fingers extended and touching). Corina et al. (1999) hypothesized that left SMG supports aspects of phonological encoding for sign language, such as selection of the hand configuration, place of articulation, and movement features of a sign.
Finally, the peak activation site within left SMG was close to the site where MacSweeney and colleagues (MacSweeney et al., 2002) reported greater activation for the perception of British Sign Language compared to audio-visually perceived spoken English (− 55, −47, +34). Thus, left SMG appears to play a greater role in both the perception and the production of sign language compared to spoken language. This region within the inferior parietal lobule may function to bind together the disparate spatial, temporal, and configural phonological elements of sign (i.e., locations on the body, movements of the hands/fingers, and handshapes). The integration of these elements into a phonological representation is necessary for both the perception and production of sign language. In support of this hypothesis, the left supramarginal gyrus has been shown to play a crucial role in the integration of spatial and temporal information when perceiving action (Assmus et al., 2003 (Assmus et al., , 2005 and when planning hand movements (Hesse et al., 2006) .
As predicted, the left superior parietal lobule was uniquely engaged for sign production. However, the peak activation sites were more posterior and superior than the activation sites observed by Braun et al. (2001) for signed narratives. Therefore, our findings are consistent with the hypothesis that the SPL activation observed by Braun et al. (2001) may be due to the use of signing space to express syntactic relations in ASL. Petitto et al. (2000; supplement Table 1 ) when deaf signers repeated ASL nouns (−27, − 47, + 63) or generated verbs (− 23, − 49, + 66) , in comparison to a fixation baseline. Other studies of single sign production also report activation in left parietal cortex, but in slightly inferior regions (Corina et al., 2003; San Jose-Robertson et al., 2004) .
We hypothesize that sign production, unlike word production, may recruit left SPL for the proprioceptive monitoring of language output. Lesion, neuroimaging, and TMS data indicate a role for the superior parietal lobule in proprioception and the assessment and monitoring of self-generated movements (e.g., MacDonald and Paus, 2003; Pellijeff et al., 2006; Wolpert et al., 1998) . Interestingly, Corina et al. (2003) found increased activation in left superior parietal cortex when right-handed signers produced signs with their left hand. It is possible that this increase in activation was due to the need for increased monitoring and assessment of the movement and hand configuration of the nondominant hand.
Furthermore, proprioceptive monitoring may play a more important role in sign production because visual monitoring of signing (unlike auditory monitoring of speech) presents an unusual signal for language perception. For spoken language, speakers can monitor their speech output by listening to their own voice -a perceptual loop feeds back to the speech comprehension mechanism (Levelt, 1989) . In contrast, signers do not look directly at their hands and cannot see their own faces (nb: facial expressions convey grammatical information). The visual input from their own signing is quite distinct from the visual input of another's signing. Therefore, a simple perceptual loop that feeds back to the sign comprehension mechanism is problematic. Sign production may crucially involve proprioceptive monitoring of hand and arm movements, hand posture, and body part location (particularly because sign production is not visually guided).
Another clue to the function of the neural activity in left parietal cortices for sign production can be found in our previous research comparing signing with finger-spelling (Emmorey et al., 2003) . Although both signing and finger-spelling involve manual articulation, lexical signs differ from finger-spelled words with respect to phonological structure and complexity. Finger-spelled words contain sequences of handshapes that represent English letters. In contrast, phonological constraints limit the number and type of handshape sequences that can appear in lexical ASL signs (Brentari and Padden, 2001) . Although finger-spelled words contain more complex hand configuration sequences, lexical signs exhibit a richer and more varied phonological structure because place of articulation on the body must be specified (e.g., forehead, nose, chin, chest, arm, etc.), along with movement features (e.g., path movement and/or secondary movements such as finger wiggling, wrist twisting, etc.). When the production of lexical signs was contrasted with finger-spelled words, Emmorey et al. (2003) found greater activation for signs in left SMG (− 51, − 36, + 26) and SPL (− 15, − 59, + 55). We hypothesize that greater engagement of left parietal regions during signing compared to finger-spelling reflects the greater phonological complexity of signs with respect to variable body locations and movement features that must be encoded and monitored during sign production.
Finally, the interaction analysis did not reveal any regions that were more engaged for word than sign production. In contrast, Braun et al. (2001) found greater activity for speech in left prefrontal and subcortical areas. They proposed that speech preferentially engages a prefrontal corticostriatal-thalamocortical circuit, which plays a role in the timing and sequencing of cognitive and motor behaviors. Greater activity in this circuit for speech may reflect more intense sequencing and timing demands for spoken language at all linguistic levels. Words tend to contain more segments and syllables than signs, but also English morphemes are arrayed linearly, rather than simultaneously as in ASL. English contains prefixes and suffixes, while ASL superimposes movements on sign stems to create morphologically complex signs. English sentences tend to contain more words that need to be ordered because ASL is a pro-drop language, does not require determiners, and contains few function words. The additional sequencing and timing demands above the level of the word may result in significant differential activation within the prefrontal corticostriatal-thalamocortical circuit for spoken narratives.
In sum, the comparison of sign production by deaf ASL signers and word production by hearing English speakers revealed regions of modality-independent neural activity within the left inferior frontal gyrus and left temporal regions, which are hypothesized to be involved in conceptually driven lexical access processes. Within the left parietal lobe, two regions were differentially engaged for sign production, reflecting modality-specific output parameters for sign language. We hypothesize that activation within the left supramarginal gyrus reflects phonological assembly and encoding in ASL (e.g., the selection of hand configuration and location features), while activation in the left superior parietal lobule reflects proprioceptive monitoring of manual and brachial language output.
